Local adaptation frequently occurs across populations as a result of migration-selection balance between divergent selective pressures and gene flow associated with life in heterogeneous landscapes. Studying the effects of selection and gene flow on the adaptation process can be achieved in systems that have recently colonized extreme environments. This study utilizes an endemic South American duck species, the speckled teal (Anas flavirostris), which has both high-and low-altitude populations. High-altitude speckled teal (A. f. oxyptera) are locally adapted to the Andean environment and mostly allopatric from low-altitude birds (A. f. flavirostris); however, there is occasional gene flow across altitudinal gradients. In this study, we used next-generation sequencing to explore genetic patterns associated with high-altitude adaptation in speckled teal populations, as well as the extent to which the balance between selection and migration have affected genetic architecture. We identified a set of loci with allele frequencies strongly correlated with altitude, including those involved in the insulin-like signaling pathway, bone morphogenesis, oxidative phosphorylation, responders to hypoxia-induced DNA damage, and feedback loops to the hypoxia-inducible factor pathway. These same outlier loci were found to have depressed gene flow estimates, as well as being highly concentrated on the Z-chromosome. Our results suggest a multifactorial response to life at high altitudes through an array of interconnected pathways that are likely under positive selection and whose genetic components seem to be providing an effective genomic barrier to interbreeding, potentially functioning as an avenue for population divergence and speciation.
Introduction
Heterogeneous landscapes provide venues in which populations experiencing divergent selective pressures can differentiate into locally adapted subpopulations (Nosil et al. 2009 ). However, the probability for local adaptation and continued divergence depends on the strength of selection balanced by gene flow among populations; that is, migration-selection balance. Specifically, if the strength of selection is weak relative to gene flow, most local genetic variation will tend to be homogenized among populations. Alternatively, if selection is stronger than the amalgamating force of gene flow, genetic differentiation can accumulate and be maintained across specific loci experiencing strong divergent selection (Yeaman and Whitlock 2011) . In essence, in the latter scenario, selection against maladapted immigrants limits the effects of gene flow and provides a means for local adaptation (Yeaman and Whitlock 2011; Feder et al. 2012) . In general, studies continue to find that much of a genome is free to introgress during early stages of population divergence (Via and West 2008; Nosil et al. 2009; Feder and Nosil 2010; Via 2012) . For example, specific genetic regions continue to be identified as being important in early stages of divergence and maintaining species boundaries even in the face of gene flow, including sexlinked traits (Carling and Brumfield 2008; Ellegren 2009; Storchov a et al. 2010; Elgvin et al. 2011; Martin et al. 2013; Lavretsky et al. 2015) , chromosomal inversions, or "supergenes" (Kirkpatrick and Barton 2006; Thompson and Jiggins 2014) , and a variety of other genes associated with adaptation to extreme environments (Chapman et al. 2013; DeFaveri et al. 2013; Wit and Palumbi 2013; Soria-Carrasco et al. 2014) .Thus, the probability of becoming locally adapted is influenced by this interplay between gene flow and divergent selection (Le Corre and Kremer 2012; Savolainen et al. 2013) .
Species that have recently invaded extreme environments are ideal systems to study the effects of selection and gene flow on the adaptation process (Feder et al. 2012) . Among these, high-altitude habitats offer an excellent opportunity to investigate the genetic basis of local adaptation (Storz et al. 2010; Cheviron and Brumfield 2012) as the characteristics of high-altitude habitats (e.g., low temperatures, ultraviolet radiation, increased water loss, and low oxygen or hypoxic conditions) are typically debilitating for low-altitude individuals that are unacclimated (Hopkins and Powell 2001) . Therefore, high-altitude species represent an unparalleled system for studying adaptation in animals, not only because organisms have to overcome a clear challenge to survival and reproduction but also because the physiological mechanisms of oxygen transport are well understood (Beall 2001; Powell 2003) , and selective pressures relatively well defined (Cheviron and Brumfield 2012) .
In general, high-altitude species have dynamic respiratory and circulatory systems capable of responding to changes in oxygen (O 2 ) supply and demand (Beall 2001) . Adaptation to hypoxic environments has been shown to be refereed in part through the activation of hypoxia-inducible transcription factors (HIF), which start a signaling cascade of genes involved in biological processes such as angiogenesis and erythropoiesis, and assist in promoting and increasing O 2 delivery to hypoxic tissues (Gorr et al. 2006; Hoogewijs et al. 2007; Rytkö nen et al. 2011; Semenza 2007 Semenza , 2011 . Moreover, for aerobic energy production, genes involved in mitochondrial function and energy metabolism, O 2 binding and delivery, and hematopoiesis are activated (Hopkins and Powell 2001; Hoogewijs et al. 2007 ). Ultimately, high-altitude adaptation involves coordinated changes in the expression of many genes that are involved in interacting biochemical pathways (Cork and Purugganan 2004; Cheviron and Brumfield 2012; . Moreover, with different biochemical pathways, organisms can mechanistically differ in their response to hypoxic environments (Storz et al. 2010) , making it important to understand how organisms adapt in different ways to these environments. At the genomic level, determining the balance between gene flow and selection is especially important when attempting to demarcate genomic regions associated with how populations have adapted to new environments. We expect established high-altitude populations to be genetically differentiated from their low-altitude counterparts at those genes/genetic regions associated with their new environment. Additionally, if gene flow is maintained between two populations, then we expect selection against maladapted genotypes to result in signatures of divergent selection at specific genes, with other parts of the genome largely undifferentiated (Feder et al. 2012; Via 2012) .
In this study, we tested for genomic differentiation, and specifically for regions putatively under divergent selection between low-(<1,500 m) and high-(up to 5,000 m) altitude populations of the speckled teal (Anas flavirostris), a widespread South American waterfowl. Although high-altitude speckled teal (A. f. oxyptera) are locally adapted to the Andean environment and largely allopatric from lowaltitude birds (A. f. flavirostris), speckled teal are known to disperse long-distances, which appears to result in occasional gene flow across altitudinal gradients (McCracken et al. 2009a (McCracken et al. , 2009b . Previous research suggested a degree of asymmetry in gene flow in the speckled teal, with more pronounced levels of gene flow going from low to high than high to low (McCracken et al. 2009a) . Additionally, genes shown to be under positive selection such as hemoglobin (Natarajan et al. 2015) had lower levels of gene flow compared with neutral loci, attributed to countervailing selection at loci associated with high-altitude adaptation (McCracken et al. 2009a (McCracken et al. , 2009c . However, studies to date have been restricted in genomic coverage, and thus the extent and influence of gene flow in regards to local, high-altitude adaption in speckled teal remains still unexplored.
Here, we used Restriction Site-Associated DNA Sequencing (RAD-Seq) to subsample the genomes of low-and highaltitude speckled teal to examine whether highly differentiated loci are associated with possible selective mechanisms in high-altitude environments, or are consistent with neutral (allopatric) divergence. In addition, we also sequenced the a-and b-hemoglobin genes and the mitochondrial (mtDNA) control region. To identify highly differentiated loci, we calculated F ST and performed genomic scans and outlier analyses using Bayesian and other methods at three marker-types with different patterns of inheritance, autosomal, Z-chromosomal sex-linked, and mitochondrial. If the two populations are diverged due to selective processes, we expected outliers to be associated with pathways related to hypoxia, and/or those involved with growth and development, metabolism, O 2 transport (i.e., hemoglobin), energy production, and oxidative damage (Cheviron and Brumfield 2012; Storz and Cheviron 2016) . Moreover, if there has been local adaptation in the face of continuous gene flow, then we expect a small number of genes/genetic regions to exhibit high levels of allelic differentiation between populations, whereas the rest of the genome to exhibit low levels of allelic differentiation. Conversely, if high-altitude populations have been largely allopatric during their divergence from lower altitude populations, then we expect to find a larger portion of loci across the genome to be differentiated, primarily through stochastic processes such as genetic drift, characteristic of later stages of population divergence (Feder et al. 2012 ).
Methods

Specimen Collection and DNA Extraction
A total of 20 speckled teal were collected from low-(n ¼ 10; elevation range 77-860 m) and high-altitude (n ¼ 10; elevation range 3,211-4,405) sites ( fig. 1 Argentina (2001 Argentina ( , 2003 . Genomic DNA was extracted from muscle or blood using a DNeasy Tissue Kit (Qiagen, Valencia, CA) and following manufacturer's protocols.
Hemoglobin and Mitochondrial Sequences
The a A -hemoglobin subunit (676 bp; HBA2), b A -hemoglobin subunit (1,578 bp; HBB), and mitochondrial sequences containing part of the control region and tRNA-Phe gene (McCracken and Wilson 2011) were obtained from GenBank, for the same 20 individuals that were used in this study (McCracken et al. 2009a) , except for the high-altitude population, for which the mitochondrial sequences had not been published previously (NCBI accession numbers are provided in supplementary table S2, Supplementary Material online). For both hemoglobins, all exons and introns were sequenced. All genes were sequenced using PCR and DNA sequencing protocols as described in McCracken et al. (2009a) .
RAD Sequencing and Bioinformatics
Genomic DNA was normalized to $2 ng/ll using a Qubit Fluorometer (Invitrogen, Grand Island, NY) and submitted to Floragenex (Eugene, OR) for RAD-Seq. In short, genomic DNA was first digested with the 8-bp SbfI restriction enzyme (CCTGCAGG) followed by barcode and adapter ligation. Individually barcoded samples were multiplexed and sequenced on the Illumina HiSeq 2000 with single-end 100-bp sequencing chemistry. Following the run, RAD sequences were demultiplexed and trimmed to yield resulting RAD sequences of 90 bp. The methods used by Floragenex are described by Miller et al. (2007) , Baird et al. (2008) , and Hohenlohe et al. (2010) and are summarized below.
Genotypes at each variable site were determined using Floragenex's VCF_popgen v.4.0 pipeline to generate a customized VCF 4.1 (variant call format) database with parameters set as follows: minimum AF for genotyping ¼ 0.075, minimum Phred score ¼ 15, minimum depth of sequencing coverage ¼ 10Â, and allowing missing genotypes from up to 2 out of 20 individuals (10%) at each site. To filter out base calls that were not useful due to low-quality scores or insufficient coverage, genotypes at each nucleotide site were inferred using the Bayesian maximum likelihood algorithm. The genotyping algorithm incorporates the site-specific sequencing error rate, and assigns the most likely diploid genotype to each site using a likelihood ratio test and significance level of P ¼ 0.05. Sites for which the test statistic is not significant are not assigned a genotype for that base in that individual, effectively removing data from sites for which there are too few high-quality sequencing reads. The sequencing coverage and quality scores were then summarized using the software VCFtools v.0.1.11 (Danecek et al. 2011) . Custom perl scripts written by M. Campbell (University of Alaska Fairbanks) were used to retain biallelic sites only and converted to VCF file format.
Population Structure
Nucleotide diversity (p) and pairwise F ST (Weir and Cockerham 1984) for each SNP between low-and high-altitude populations for RAD-Seq, hemoglobin, and the mtDNA were calculated in Arlequin v. 3.5 (Excoffier and Lischer 2010) .
A haplotype network was used to visualize structure at mtDNA using TCS (Clement et al. 2000) and as implemented and visualized in the program Population Analysis with Reticulate Trees (PopART) (software available at: http:// popart.otago.ac.nz). Analyses were done under default settings.
For nuclear markers, population structure was first visualized using a principal component analysis (PCA) as implemented in the software package PLINK v1.9 (Purcell et al. 2007 ). The PCA used in PLINK uses a two-dimensional reduction routine based on the variance-standardization relationship matrix. The top principle components are used as covariants in association analysis regressions to help correct for population stratification, whereas multidimensional scaling (MDS) coordinates help visualize genetic distances (Compagnon and Green 1994) .
Next, assignment probabilities were calculated using ADMIXTURE (Alexander et al. 2009; Alexander and Lange 2011) . ADMIXTURE assumes a specific number of hypothetical populations (K) and provides a maximum likelihood (Via 2001; Savolainen et al. 2006; Feder et al. 2012 ).
Next, we tested for signatures of selection using two programs, which minimized the probability of detecting false positives. First, Lositan, which implements the FDIST2 function, was used to demarcate markers putatively under positive selection (Beaumont and Nichols 1996; Antao et al. 2008) : analyses were based on the Infinite Alleles Model with 50,000 simulations, a confidence interval of 0.95 and a falsediscovery rate (FDR) of 0.01, as well as using the neutral mean F ST and forcing mean F ST options. In addition, we used a Bayesian approach as implemented in BayeScan v. 2.1 to again identify putatively selected loci, using default parameters suggested for large data sets (prods ¼ 100). BayeScan uses a logistic regression model to separate locusspecific effects of selection from demographic differences (Foll and Gaggiotti 2008) . Previous tests have shown that outliers detected by BayeScan are likely to be "better" candidate regions of the genome, because of its more conservative approach (Pé rez-Figueroa et al. 2010) . Foll (2012) proposed a logarithmic scale for model choice defined as: >3 substantial (log 10 PO > 0.5); >10 strong (log 10 PO > 1.0); >32 very strong (log 10 PO > 1.5); and >100 decisive evidence for accepting a model (log 10 PO > 2.0). In our genome scans, a threshold for PO > 0.5 (substantial) was used for a marker to be considered under selection. Thus, top outlier loci were considered to be those that were identified by both methods, as previously stated. General outliers were considered to be those that were identified by both methods, including markers that were significant in Lositan analyses, and were in the top 1% of Log 10 (PO) values in BayeScan; these data were used for gene-flow analyses (see below).
Any markers identified as putatively being under divergent selection by both Lositan and BayeScan were next subjected to a BLAST search (database -nr, e-value < e À 10, annotation cut-off > 50) in Blast2GO (Conesa et al. 2005 ) using the taxonomy filter for birds (taxa: 8782, Aves) to determine gene identity. Additionally, they were categorized by chromosomal location, either as autosomal or Z-linked based on a BLAST search to the Chicken genome (Gallus gallus 5.0 reference) through NCBI, using stringent criteria (blastn, >75% identity, e-value < 10 À3 , max-score >40). Putative chromosomal locations of each of the autosomal categorized clusters were also identified; although we focus primarily on the Z-chromosome versus autosome comparison due to the tendency for sex chromosomes to house genes related to sexual selection, reproductive isolation, and speciation (Ellegren 2009; Ellegren et al. 2012; Lavretsky et al. 2015) .
Gene ontology (GO) terms were then assigned to each of the sequences with significant BLAST hits using PANTHER (Mi et al. 2013) ; the GO terms associated with our outliers were subjected to term enrichment/overrepresentation analyses and visualization in AmiGO 2.0 (Carbon et al. 2009 ), using both the PANTHER and Go Experimental annotation data sets. In addition, different functional classifications of the gene list were performed, using the gene list analysis tool in PANTHER to determine which categories were enriched in the confirmed hit gene list relative to their representation in the reference list. For all GO term analyses, the reference list for the Chicken genome (Gallus gallus) was utilized.
Gene Flow (@a@i) and Coalescent Analyses
Previous multilocus work in this species suggested asymmetric gene flow from low-to high-altitude populations (McCracken et al. 2009a ). We tested for and estimated rates, as well as the directionality of gene flow, with the program @a@i (Gutenkunst et al. 2009 (Gutenkunst et al. , 2010 , which implements a diffusion-based approach to test against specified evolutionary models with the best-fit model determined using a log likelihood-based multinomial approach. @a@i analyses were done with RAD-Seq data, which were parsed into three categories that were analyzed separately, 1) All SNPs, 2) outliersonly as determined by Lositan/BayeScan analyses (see above), and 3) nonoutliers only. Given our interest in identifying differences between migration rates between outlier and nonoutlier loci, autosomal and Z-chromosome linked SNPs were analyzed together. To estimate bidirectional migration rates, the data were tested against the Isolation-with-Migration evolutionary model. Parameters in @a@i were optimized prior to calculating the likelihood, which is the product of Poisson likelihoods for each parameter given an expected value from the model frequency spectrum.
In the previous study of this species, five introns were used in a multilocus coalescent analysis to estimate the effective population size parameter (h) and bidirectional gene flow (m 1 and m 2 ) between low-and high-altitude populations (McCracken et al. 2009a) . We reanalyzed these sequence data here to estimate divergence time (t) and other parameters with the IM software (Nielsen and Wakeley 2001; Hey and Nielsen 2004) . Starting parameters for the IM analysis were as follows, for models incorporating and not incorporating population splitting: -q1 2 -q2 2 -qA 4 -m1 50 -m2 100 -t 2. Parameter estimates from the IM analyses were then used with MS (Hudson 2002) to create a simulated distribution of F ST , conditioned on the previously estimated values of t, h, and m, generating 1,000 randomly sampled genealogies under the Infinite Sites Model. This was performed for three different divergence estimates (-ej 0.25, 0.5, 1.0) and under three different migration rate parameters (equal, and asymmetrical in both directions). The empirical values of F ST for all SNPs, outliers-only as determined by Lositan/BayeScan analyses, and nonoutliers were then compared with the distribution of simulated F ST values generated by MS.
Results
A total of 159 million RAD-Seq reads were obtained with an average depth of 38.6 (68.0 SD) million reads per sample. After filtering, an average of 19,434 RAD clusters were recovered per sample, which represents $1% of a typical 1.1 gigabase avian genome (Zhang et al. 2014 ). Finally, a total of 47,731 polymorphic SNPs were identified. Overall, F ST estimates between low-and high-altitude speckled teal populations were identical for Lositan (F ST ¼ 0.065) and Arlequin (F ST ¼ 0.065). The mtDNA with F ST ¼ 0.77 exhibited a 14-fold difference in population differentiation compared with nuclear DNA (table 1) .
Population Structure and Outlier Detection
For nuclear sequences, ADMIXTURE results corresponded with PCA analyses in which low-and high-altitude individuals were highly differentiated into two clusters with 99% assignment probabilities ( fig. 2B and C) , despite overall low F ST . The mitochondrial sequences corroborate the nuclear data showing two distinct populations, however, suggesting a much deeper level of divergence with F ST ¼ 0.77 ( fig. 2A) .
BayeScan identified $1% of markers (457 SNPs associated with 420 RAD clusters), as compared with Lositan's $6% (3,008 SNPs, associated with 2,664 RAD clusters) as being putatively under positive selection (supplementary table S2, Supplementary Material online). Thus, our RAD-Seq data show a F ST distribution with a pronounced right-tailed L-shape, with most variants showing little-to-no population differentiation and a smaller percentage of the genome comprised of highly differentiated loci (figs. 3 and 4). Loci were classified as outliers if they were identified by both methods (Lositan and BayeScan) as being significant. Ultimately, although 356 RAD-Seq loci overlapped both programs, only 34 of them returned a significant BLAST hit, and 29 of those were to a gene or transcript with an identifier. For the RADSeq data, the top hits with the highest prior odds were TOPORS and NNT, whereas F8, IGF-1, and BMP-2 had slightly lower prior odds (table 2). The low hit rate for our BLAST results may, in part, be because bird genomes currently have annotated 70% of the total number genes compared with the human genome; this is likely due to an enrichment of genes in GC-rich regions which are difficult to sequence, assemble, and annotate; thus they appear missing (BoteroCastro et al. 2017) .
Outlier detection within the hemoglobin sequences was performed by calculating pairwise F ST for each SNP via a locus-by-locus AMOVA. This identified four SNPs on the achain and four SNPs on the b-chain subunit of the major hemoglobin. All four of these variants have previously been identified, and for several on the b chain a putatively beneficial role in hemoglobin function has been identified via experimental tests revealing increased O 2 -binding affinity in the high-altitude population: a77 (pos 379, F ST ¼ 0.95), b116 (pos 346, F ST ¼ 1.00), b133 (pos 397, F ST ¼ 1.00), and b13 (pos 37, F ST ¼ 0.42) (Natarajan et al. 2015) .
GO Terms of Outliers
Gene ontology terms were found for 27 of the 28 genes (table 2 and supplementary table S3a , Supplementary Material online); the gene list analysis summarizes the represented GO term groups in the form of those associated with pathway, protein, cellular component, biological process, and molecular function. Pathway, molecular function, and biological process yielded the most illuminating categories, whereas protein and cellular component were very general (supplementary table S3b, Supplementary Material online). The categories with the highest numbers in the "pathway" class were Gonadotropin-releasing hormone receptor pathway biosynthesis, TGF-beta signaling pathway, and blood coagulation (1 each). In the "biological process" and "molecular function" classes, metabolic process (12), and catalytic activity (12) were their highest represented categories, respectively. However, the results of AmiGO statistical representation yielded no significantly overrepresented categories, likely due to the small size of the gene list.
Chromosomal Location
In general, 29 out of the 35 chromosomes were represented in our RAD-Seq data. The only chromosomes that were missing some cluster representation were Chromosome 16 and 30-33, which are some of the smallest microchromosomes. Approximately 4.8% of the total clusters "mapped" to still unplaced scaffolds within the Chicken genome.
Of the 19,434 RAD clusters, 889 clusters were identified as putatively Z-linked (i.e., having a significant BLAST hit to the Chicken Z-chromosome); therefore, the rest of the 18,549 RAD-Seq clusters were classified as putatively autosomal, although there is no way of knowing for sure given the short length of the RAD clusters (i.e., 90 bp). Compared with the autosomal clusters, the Z-linked clusters had higher F ST by a factor of two; Z-linked F ST ¼ 0.123 (1,797 SNPs from 889 seqs) and autosomal F ST ¼ 0.061 (45,944 SNPs from 18,549 seqs). This Z:Autosomal ratio of 2.01 is higher than expected (expected 1.33) under a neutral model of evolution (Whitlock and McCauley 1999) . The chromosomal locations of the outliers were also identified: of the total outliers (356), 1.67% were mapped to the autosomes (310/18,549), compared with 5.17% outliers on the Z-chromosome (46/889), approximately a 3-fold difference. The Chicken Z-chromosome is 82,363,669 bp representing $7.68% of the total Chicken genome (1,072,544,763 bp, Gallus gallus, NCBI Annotation Release 103). Thus, given what we know about the size of the Chicken genome, out of the 356 the overlapping outliers, we classified 49 as belonging on the Z-chromosome (12.9%), which is a significantly larger portion of outliers than expected by chance (X 2 ¼ 5.5102, P value ¼ 0.019). The two top hits in the outlier analyses were located on the Z-chromosome (NNT, TOPORS).
Gene Flow Estimates
Although low-and high-altitude populations are differentiated, the @a@i results support extensive gene flow between populations under an Isolation-With-Migration model, specifically asymmetric gene flow from low to high altitude (table 3) , corroborating the previous coalescent study (McCracken et al. 2009a ). These asymmetric gene flow estimates correspond with the same directionality obtained from mtDNA in which 3% (n ¼ 2) of high-altitude individuals were recovered with low-altitude haplotypes, whereas no low-altitude individuals were recovered with high-altitude haplotypes ( fig. 2A ). It is important to note that these introgressed mitochondrial haplotype were collected from the far northwest Argentina, which is close to where the low-and high-altitude subspecies distributions are adjacent. The analyses also suggest a substantial reduction in gene flow in outlier loci compared with nonoutlier loci, showing a 2-fold decrease from high-to low-altitude estimates (0.525 ! 0.234 migrants per generation), and a 4-fold decrease from low-to high-altitude (7.76!1.97 migrants per generation; table 2). These outlier regions may represent those portions of the genome that are under selective constraint due to their being associated with adaptations to O 2 deprivation and/or cold temperatures at high-altitude. Finally, the simulated distribution of F ST in the MS analysis ( fig. 4 and supplementary fig.  S1 , Supplementary Material online) indicates that we observed significantly more outlier loci, and a more right-shifted distribution of F ST , than expected under a neutral model of evolution, in which all loci evolve per drift-mutation equilibrium with migration, but without influence of migration-selection balance.
Discussion
Our data reveal that despite low levels of genomic divergence (F ST ¼ 0.065) and high gene flow, the low-and high-altitude populations of speckled teal are genetically distinct. Evidence of this can be seen in the population structure associated with both mitochondrial and nuclear markers (table 1 and fig. 2A-C) . In the nuclear DNA, this pattern is due, in part, to relatively few regions (i.e., regions with outliers) associated with genes known to be involved in responses to ROS production/oxidative damage (TOPORS, NNT), response to hypoxia through the HIF pathway (TOPORS, IGF, BMP), and response to hypoxia through heme factors/blood (F8, HBA2, HBB, BMP-2). These genes were found to involve autosomal (IGF, BMP, HBA2, HBB, F8), Z-linked (NNT, TOPORS) and mitochondrial elements (NNT ¼ nuclear encoded, mitochondrial embedded) ( fig. 3 and table 2 ). As predicted, these outliers also showed depressed gene flow between the populations, compared with the rest of the genome, suggesting an important role for migration-selection balance in the evolution of these loci in these two populations (table 3) . Lastly, our results also point at a dominant role for genes located on the Z-chromosome ( fig. 3 and table 2 ).
Migration-Selection Balance and High-Altitude Adaptation in Speckled Teal
The interplay between selection and gene flow is important for population divergence in the presence of gene flow (Feder et al. 2012 ). Under such a scenario, the magnitude of selection dictates whether populations continue to diverge or evolve as a single group. Here, we identified a relatively small proportion of markers to be under positive/divergent selection with restricted levels of gene flow between low-and highaltitude speckled teal populations.
Under neutrality, where genetic drift acts on markers with different effective population sizes (N e ) (Whitlock and McCauley 1999) , there are different expectations for F ST estimates associated with certain marker types (i.e., mitochondrial vs. nuclear, sex chromosome vs. autosome). The expectations associated with N e are useful in illuminating whether the evolution of these different markers types has been shaped through different selective pressures on specific chromosome types (Charlesworth 2009 ). Previous work on waterfowl support that ducks fit the 1 = 4 rule for mtDNA and 3 = 4 rule for Z-linked markers (Lavretsky et al. 2015 (Lavretsky et al. , 2016 . Specifically, under a scenario of equal reproductive success between males and females, the mitochondria will have 1 = 4 the effective population size of the nuclear genome, resulting in a 4-fold difference in F ST between mtDNA and nuDNA (Caballero 1995; Whitlock and McCauley 1999; Dean et al. 2015) . There is a similar expectation for Z chromosome/autosomal comparisons. Under equal reproductive success between males and females, the Z chromosome will have 3 = 4 the effective population size of autosomes, resulting in an expected Z:Autosomal F ST ratio of 1.33 (Caballero 1995; Whitlock and McCauley 1999; Dean et al. 2015) .
However, our results show significant deviations from predictions under neutrality, with mtDNA: nuDNA resulting in a 14-fold difference, and a 2-fold difference for Z:Autosomal (table 1) , suggesting a substantial role for evolutionary forces such as selection, drift, or gene flow. There are several factors that may partly explain these patterns. First, the observed difference is most extreme for the mtDNA, which could be because of the faster sorting rate of mtDNA allowing it to accumulate fixed differences faster than nuDNA (Zink and Barrowclough 2008) , or because many waterfowl including speckled teal have very large population sizes (Frankham 2007; Wilson et al. 2011) , although this explanation is less likely because the high-altitude population is not small. Second, the extreme divergence in the mitochondria, despite similar estimates of gene flow, may suggest that this pattern has resulted from selective processes, since the mitochondrial genome is frequently a source for selective sweeps and strong purifying selection on genetic variation associated with adaptations to hypoxic environments (Xu et al. 2007; Scott et al. 2011; Yu et al. 2011; Li et al. 2013b; Zhang et al. 2013 ). This could then contribute to mito-nuclear incompatibilities hampering interbreeding between the two populations (Burton and Barreto 2012) , with introgression further limited by the selective pressure exerted by hypoxia (Wolff et al. 2014 ). However, recent evidence suggests this is not the case, as there was no discernable evidence for positive selection on the mitochondrial genome of speckled teal, and an overall lack of nonsynonymous variation associated with any protein-coding regions (Graham AM and McCracken KG, unpublished data). Lastly, it is perhaps most likely that malebiased dispersal and female philopatry common in ducks underlies the substantial structuring of mtDNA in the speckled teal (Avise et al. 1992; Peters et al. 2007 Peters et al. , 2012 Zink and Barrowclough 2008; Flint et al. 2009 ).
The Z:Autosome ratio also is larger (2.01) than predicted under neutrality (1.33), although not as large as the mtDNA:nuDNA ratio, suggesting a role for selective pressures for the Z chromosome. For example, significant gene flow, predominantly from low-to high altitude, was detected by @a@i analyses regardless of marker set; however, there was a substantial decrease in gene flow across outlier loci as compared with nonoutliers (table 3) . Similarly restricted gene flow was detected in Hb sequences compared with other nuclear loci in speckled teal and other Andean waterfowl (McCracken et al. 2009a ). We also found that more significant outliers were on the Z chromosome than expected, and such loci have been implicated in population divergence and speciation in many bird species (Saether et al. 2007; Carling and Brumfield 2009; Pryke 2010; Storchov a et al. 2010; Elgvin et al. 2011; Ellegren et al. 2012; Stö lting et al. 2013; Lavretsky et al. 2015) . A higher density of Z-linked genes in these types of analysis is thought to be the result of a higher rate of evolution relative to autosomes (Mank et al. 2007; Ellegren 2009 ), as well as through its role in sexual selection, and reproductive isolation (Ritchie 2007) . However, it could also be because of a general reduction in recombination rates across the Z chromosome, which can cause blocks of linkage disequilibrium, serving to further offset the disrupting force of gene flow (Saether et al. 2007; Qvarnströ m and Bailey 2009) .
Given that the two speckled teal populations are phenotypically distinct in both plumage and body size, it seems likely that the outlier analyses have pinpointed genes underlying mechanisms involved in speciation through adaptive divergence. The two genes with the highest divergence were Z-linked, and potentially have a direct link to adaptations involving high-altitude functions (see next section). Two possibilities are that 1) hypoxia and the high-altitude environment are driving divergence directly in these genes or closely linked genes, or 2) that reproductive isolation is driving phenotypic divergence and these outliers are effectively hitchhiking on that selective pressure on the sex chromosomes. However, with our current data, we are not able to clarify further which of the two possibilities is responsible, thus warranting future research. Nonetheless, in the case of the speckled teal, we see a significant role for nonneutral processes involving Z-linked and autosomal markers-a result consistent with recent findings in other birds (Dean et al. 2015; Dhami et al. 2016) as well as other duck species (Lavretsky et al. 2015 (Lavretsky et al. , 2016 .
Overall, our results suggest selection is acting to prevent admixture at loci of adaptive importance, likely through selection against alleles originated from maladapted migrants (i.e., low-altitude individuals immigrating to the highlands or vice versa). This appears to be occurring despite these speckled teal populations being relatively divergent, estimated between 0.5 and 1.0 Ma or older, with gene flow likely playing a recurrent role throughout their recent history. Thus, at the genomic level, these populations do not seem to be suffering from an erosion of locally adaptive alleles through swamping. Ultimately, this matches predictions of divergent selection generating extrinsic reproductive isolation (Yeaman and Whitlock 2011; Feder et al. 2012) , due to poor reproductive success of low-altitude migrants at high altitude compared with high-altitude residents with high-altitude genotypes. Extra-limital examples of low-altitude waterfowl species (e.g., A. discors, A. bahamensis) occasionally are observed at high altitude; however, low egg hatchability due to embryonic susceptibility to hypoxia appears to present a serious selective pressure potentially limiting reproductive success, which ultimately may influence a species' ability to colonize the highaltitude environment (Visschedijk et al. 1980; Leon-Velarde et al. 1984; Monge and Leon-Velarde 1991; Carey et al. 1994) . In addition, the asymmetrical gene flow found in this study corroborates prior work on speckled teal, 1) which showed that there were higher levels of gene flow from low to high altitude than the reverse (McCracken et al. 2009a) , 2) and that other genes under positive selection (i.e., hemoglobin) had much lower levels of gene flow compared with neutral loci. In the latter case, this was attributed to countervailing selection at loci that have now been shown experimentally to be associated with mechanisms related to high-altitude adaptation (McCracken et al. 2009a (McCracken et al. , 2009c . Both the asymmetry of gene flow and the low hatchability of low-altitude genotypes at high-altitude suggest that crucial genes for survival at high-altitudes are thus sequestered in high-altitude locations, whereas the rest of the genome is seemingly free to admix. In addition, this asymmetry could be enhanced by the fact that the low altitude population is considered more migratory than their high-altitude counterparts (McCracken et al. 2009a) . Therefore, our results support strong roles for both selection and gene flow in shaping the genomic architecture of speckled teal populations in response to genetic adaptations to the high-altitude Andean environment.
High-Altitude Adaptation and Z-Linked Genes: TOPORS and NNT It is well known that exposure to low O 2 leads to a cascade of metabolic and physiological changes. At high altitudes, oxygen utilization has crucial consequences for cellular function, especially through the production of reactive oxygen species (ROS) typically produced through inefficiencies during mitochondrial respiration (Turrens 2003; Palmer and Clegg 2014) . The imbalance of ROS and antioxidant capacity is driven by hypoxic stress and increases at high altitudes; therefore, mechanisms to protect against oxidative damage or reduce ROS production would be advantageous (Storz et al. 2010) . Our data present two gene regions with functions associated with a response to oxidative damage, TOPORS and NNT.
The region that we identified as having the highest allelic divergence between the two populations was TOPORS (F ST ¼ 1.0), which is an E3 ubiquitin-protein ligase known to regulate p53 (Rajendra et al. 2004; Weger et al. 2005) and DNA Topoisomerase I (Haluska 1999; Weger et al. 2005) . Both of these genes/pathways are utilized as part of an intracellular nonimmune surveillance mechanism that controls cellular response to a variety of stress conditions, including DNA damage and hypoxia, among others, leading to cell growth arrest and apoptosis (Levine 1997; Sermeus and Michiels 2011; Bertozzi et al. 2014) . Although TOPORS has not previously been identified as candidate gene involved in adaptation to high-altitude environments, p53 has been implicated in response to low O 2 , including, hypoxic microenvironments created by tumors (Royds et al. 1998) , underground burrows of rodents (Ashur-Fabian 2004; Quina et al. 2015) , and even high-altitude environments ). In addition to roles previously stated, TOPORS has also been implicated in playing a key role in regulating primary cilia-dependent development and function in the retina (Chakarova et al. 2011) , potentially in response to increased levels of ultraviolet radiation exposure, as well as oxidative stress, at higher altitudes (Paul and Gwynn-Jones 2003) . Therefore, the role of TOPORS in hypoxia and DNA damage presents a potentially pleiotropic response to both low O 2 and DNA repair from oxidative and ultraviolet radiation damage.
The other gene of interest is the nuclear-encoded, but mitochondrially embedded NAD (P) transhydrogenase (NNT), which is essential for oxidative phosphorylation (OXPHOS). Under normal conditions, NNT uses energy from the mitochondrial proton gradient to produce high concentrations of NADPH; the resulting NADPH is used for biosynthesis, as well as in reactions inside the mitochondria required to remove reactive oxygen species (Figueira et al. 2013) . To date, this is the first time NNT has been identified as an outlier/ gene of interest in relation to high-altitude adaptation, or low-O 2 environments. Previously, mutations in NNT have been shown to increase the amount of oxidative damage due to its inability to regulate ROS within the mitochondria (Freeman et al. 2006; Huang et al. 2006) . Although, other mechanisms involved in DNA damage have been implicated in other highaltitude species (Subramani et al. 2015; Yang et al. 2015; Qiao et al. 2016; Zhang et al. 2016) , it has been in response to ultraviolet radiation.
Autosomal Genes Associated with High-Altitude Adaptation: IGF, BMP, HBA2, and HBB One of the biggest selective pressures for species invading high-altitude environments is the low levels of O 2 in the atmosphere causing hypoxia (Storz et al. 2010) . Hypoxia triggers a conservation of energy through a global reduction in protein expression, as well as a switch to anaerobic metabolism via a family of transcription factors involved in the HIF pathway (Semenza 2007 ). This pathway is widely considered the "master regulator" of oxygen sensing, and because of its central role in mediating a system-wide response to low O 2 , is frequently found to be of importance in high-altitude species (Bigham et al. 2009 (Bigham et al. , 2013 Beall et al. 2010; Hanaoka et al. 2012; Li et al. 2014; Wang et al. 2014) .
Although our study did not identify members of the HIF pathway specifically, we did find that the insulin-like signaling pathway (IGF-1, IGFBP-5, MAPK) and skeletal morphogenesis (BMP2) are likely under positive selection between these two populations. Not only have both the IGF and BMP pathways been shown to interact with each other (Nakae et al. 2001; Guntur and Rosen 2013) but they are also involved in the system-wide response to hypoxia mediated via the HIF pathway (Feldser et al. 1999; Fukuda et al. 2002; Wang et al. 2007 ). Both IGF signaling (Li et al. 2013a; Welch et al. 2014; Berg et al. 2015) and bone morphogenesis (Qu et al. 2013; Yang et al. 2016 ) have been implicated in the acclimation to various environmental changes, including adaptations to low O 2 . Additionally, both the IGF and BMP pathways are known to interact with the p53 circuit (Harris and Levine 2005) , suggesting the potential for multiple outliers in interconnected pathways having an effect on high-altitude adaptation in the speckled teal.
Hemoglobin has frequently been of interest in relationship to adaptive responses to low O 2 (Weber 2007; Storz and Moriyama 2008; Storz et al. 2009; Beall et al. 2010; Grispo et al. 2012; Projecto-Garcia et al. 2013; Revsbech et al. 2013; Cheviron et al. 2014; Tufts et al. 2015) , and has been shown to be under selection in a variety of organisms, including Andean ducks (McCracken et al. 2009a (McCracken et al. , 2009b (McCracken et al. , 2009c (McCracken et al. , 2010 . Our study was able to identify eight significant SNP variants between low-and high-altitude populations in the HBA2 and HBB subunits; of those genotypic variants identified, two have been experimentally characterized (b A 116-Ser and b A 133-Met) as causing an increase in the HbA isoform's O 2 -binding affinity (McCracken et al. 2009a (McCracken et al. , 2009c in highaltitude speckled teal (Natarajan et al. 2015) .
In addition to selective pressures on the hemoglobin subunits, another candidate for adaptation to high altitude is the blood coagulation factor VIII or F8, as found in our outlier analyses. This gene encodes for a large plasma glycoprotein, most notably responsible for hemophilia in humans (Gouw et al. 2012 ). However, it has not been identified as a candidate in other high-altitude organism studies, even though it is well established that plasma concentration of F8, and other clotting factors, are elevated in humans encountering hypoxic situations (O'Brodovich et al. 1984; Chohan 2014) .
Using RAD-Seq in Outlier Analyses of the Speckled Teal
We acknowledge that our data set represents a small percentage ($1%) of the speckled teal genome, and that there are likely many other candidate gene regions for high-altitude adaptation for this species (Lowry et al. 2017a) , including genes involved in the HIF pathway, as well as mitochondrial elements (Scheinfeldt and Tishkoff 2010; Storz et al. 2010; Beall et al. 2012) . Still, the incomplete nature of RAD-Seq data does not necessarily detract from the results gathered for several reasons, including the limitations associated with sequencing in nonmodel organisms, and those with large or complex genomes, as well as the fact that it is technically impossible to identify all loci subjected to selection regardless of methodology (McKinney et al. 2017 ). Thus, RAD-Seq still remains a powerful and efficient approach for studying selection in natural populations (Andrews et al. 2016; Catchen et al. 2017) , as long as the potential limitations of such data are acknowledged, including concerns with physical linkage (Lowry et al. 2017b) . It is important to note that the patterns we observed in autosomal loci (in addition to some of the putative outlier genes) might be the result of genetic hitchhiking, or genetic draft, arising from linkage to genes or regions on the same chromosome that are the "actual" targets of selection. However, in birds, linkage disequilibrium (LD) decays quickly even over short distances, reflecting high recombination rates (Wong et al. 2004; Backströ m et al. 2006; Balakrishnan and Edwards 2009; Stapley et al. 2010) ; therefore, this possibility seems less likely.
Ultimately, we are careful to suggest that these outliers are not singularly causative, but instead represent just a sampling of the genes possibly under selection in high-altitude/hypoxic environments. In addition, the outlier loci identified in this study are largely not without precedent, and have been previously characterized as outliers based on prior wholegenome analyses or functional assessments in other organisms. The other loci found as candidates (those without asterisks; table 2) possibly represent those with closer potential linkage to loci not captured in the current data set. Therefore, the patterns seen in this study are likely representative of the genome as a whole, and represent a springboard for future projects in this species looking to elucidate the genetic architecture associated with selection pressures resulting from O 2 deprivation.
Conclusions
Our analyses suggest that adaptations to high-altitude environments are resulting in genomic divergence, despite longstanding and recurrent gene flow between populations of speckled teal. This has created a genome-wide signature in which patterns of migration-selection balance are prevalent across various portions of the genome. We have identified a set of loci putatively under selection with differences in allele frequencies strongly correlated with high-and low-altitude habitats-most notably those involved in the insulin-like signaling pathway, bone morphogenesis, metabolic processes through the mitochondria (oxidative phosphorylation), responders to hypoxia-induced DNA damage, and feedback loops to the HIF pathway. Although gene flow was found on all linkage groups (mitochondrial, autosomal, and Z chromosome), many outlier loci in the nuclear genome were found to have depressed gene flow estimates, compared with other loci. We also discussed Z-linked loci and their role in the population differentiation of incipient diverging species; our data suggest that Z-linked loci may be simultaneously under selection due to their mechanistic role in high-altitude adaptation as well as phenotypic divergence.
Together the data identify a proportion of the genome, known to be linked to previously studied examples of highaltitude adaption, that are likely under positive directional selection in the high-altitude speckled teal population. Overall, our results suggest a multifactorial response to life at high altitudes through an array of interconnected pathways, that are not only under positive selection but whose genetic components seem to be providing at least a partial genomic barrier to gene flow and continued interbreeding, functioning as an avenue for population divergence and speciation, even if the speciation process has stalled short of completion (Peters et al. 2012) . Ultimately, this study illustrates another example of how populations are able to invade novel, and sometimes adapt to extreme habitats, and provides the most comprehensive genomic study of this Andean species.
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